Activation of the pro-drug isoniazid (INH) as an anti-tubercular drug in Mycobacterium tuberculosis
Isonicotinic acid hydrazide (isoniazid or INH)
3 is a widely used anti-tubercular pro-drug that requires activation in a reaction involving the catalase-peroxidase KatG of Mycobacterium tuberculosis (MtKatG) (1) whereby the hydrazine group is removed and the isonicotinyl portion is added to NAD ϩ to generate isonicotinyl-NAD or IN⅐NAD (see Fig. 1 ). Once formed, IN⅐NAD inhibits the synthesis of mycolic acids, and therefore, the growth of M. tuberculosis, by binding to the longchain enoyl acyl carrier protein reductase (InhA) (2) . Despite understanding the role of IN⅐NAD in the inhibition of mycolic acid synthesis and knowing that KatG is required for INH activation in vivo, uncertainties about the mechanism of its formation remain.
The involvement of MtKatG in INH activation suggested that the peroxidatic process had a role, and this provided a focus for several studies employing external oxidants such as peroxyacetic acid (3), t-butyl hydroperoxide (4 -6) and low levels of H 2 O 2 (7, 6) to activate the peroxidatic pathway for INH oxidation and activation. In addition, EPR studies have demonstrated that INH can serve as an electron source to reduce peroxidatic intermediates, including specific Trp ⅐ radical species following peroxyacetic acid oxidation of MtKatG (3, 8) .
A multiplicity of methods has been employed to directly and indirectly assay INH activation, including the determination of INH oxidation to isonicotinic acid (9, 10) , the HPLC assay of INH disappearance (11) , the inactivation of InhA in a mixture of InhA and KatG (7, 12, 13, 14) , the HPLC detection of IN⅐NAD (4, 15) , and the direct measurement of IN⅐NAD using its characteristic absorbance at 326 nm (6, 7, 12, 15, 16) . Reports of INH activation in mixtures lacking an external oxidant (4, 5, 6, 9, 12, 14, 15) initially suggested that the peroxidatic process may not be required, but the mixtures of INH, NADH, and KatG would have supported NADH reduction of molecular oxygen to superoxide and low levels of H 2 O 2 (15) to activate the peroxidase reaction.
Despite the considerable evidence that a peroxidatic process is involved in IN⅐NAD synthesis, attempts to rationalize the reaction entirely in terms of the peroxidatic pathway generally produced models that were incomplete from the standpoint of electron balance (5, 7, 10) or that involved hypothetical intermediates not characterized in any other system (5, 6) . For example, a common scheme shows the isonicotinyl radical, generated in a peroxidatic reaction, reacting with NAD ϩ to yield IN⅐NAD, when such a reaction would actually yield the IN⅐NAD ϩ ⅐ radical (Fig. 1) . The need to reduce this radical in an oxidizing environment suggests that more than a simple peroxidatic pathway is involved in the INH activation process. This rationale leads to superoxide, O 2 . , a known reducing agent with a documented role in INH activation (4 -6, 11, 17, 18) . Peroxidases, including KatGs, can generate O 2 . from O 2 and an electron donor such as INH or NADH (11, 15, 19 -21) , and O 2 has a role, as yet not fully defined, in INH activation (4, 5, 11, 14, 17) . Finally, three reports have described IN⅐NAD synthesis in mixtures of KatG, INH and NAD ϩ with no oxidant other than O 2 , conditions that also give rise to O 2 . (6, 15, 22) . There exists, therefore, a dichotomy between peroxidatic and superoxidedriven pathways of IN⅐NAD synthesis that has not been clearly resolved.
The crystal structures of KatG from four different organisms, including Haloarcula morismortui (23, 24) , Synechococcus PCC7492 (25) , Burkholderia pseudomallei (BpKatG) (26, 27) , and M. tuberculosis (28) , along with the structures of the predominant INH-resistant variant S315T of MtKatG (7) and its homologue in BpKatG, S324T (22) 426 , is essential for catalase activity, but not peroxidase activity. These structures have provided many insights into KatG structure and function and confirmed the considerable similarity in structure between BpKatG and MtKatG consistent with the similarity in enzymatic properties (16) . Unfortunately, they have not led to an identification of the binding sites for the two substrates, INH and NAD ϩ , which would potentially enhance our understanding of the INH activation process.
The work described in this report examines in more detail the role of KatG in IN⅐NAD synthesis. In particular, the apparent dichotomy between the peroxidase-and superoxide-driven paths is clarified in a confirmation that superoxide and its in situ generation by KatG is essential for IN⅐NAD synthesis, whereas the peroxidatic path enhances the reaction. In addition, while non-enzymatic aspects of the reaction are found to have a significant role, binding sites for both INH and NAD ϩ on BpKatG are identified in enzyme⅐ligand complexes generated by co-crystallization.
EXPERIMENTAL PROCEDURES
Variant Protein Construction, Purification, and Characterization-Standard chemicals and biochemicals were obtained from Sigma. The oligonucleotides GCCGACGGCG-CCGGCGGCGCG (R123A), GGCGCGGGCGCAGGGCA-GCAG (E128A), TGGGAGCCCGCGGACGTCTAC (E198A), TATTCGGGCGCCCGCCAGCTC (D222A), GGCAATCCC-GCTCCGGTCGCC (D249A), GCCGCGGCGGCCGACAT-TCGT (R255A), and GACAAGGCGGCACTGCTGACG (Q622A) were purchased from Invitrogen and used to mutate a fragment of pBpKatG (29) following the Kunkel procedure (30) . The mutated sequences were confirmed (31) and used to generate the plasmids pR123A, pE128A, pE198A, pD222A, pD249A, pD255A, and pQ622A. The native and variant proteins were expressed and purified as described (29) . The variants R123A, E128A, E198A, D222A, D249A, R255A, and Q622A were unchanged compared with wild-type BpKatG in both catalase and peroxidase activities. The release of radicals from INH was assayed by the increase in absorbance at 560 nm caused by nitro blue tetrazolium reduction to formazan (⑀ ϭ 18,500 M Ϫ1 cm
Ϫ1
) in a solution containing 1.0 mM INH, 2 M MnCl 2 and 0.2 mM nitro blue tetrazolium in 50 mM Tris-HCl, pH 8.0, at 37°C (32) . The synthesis of IN⅐NAD was assayed by the increase in absorbance at 326 nm (⑀ ϭ 6,900 M Ϫ1 cm Ϫ1 ) (33) of a solution containing 0.4 mM NAD ϩ , 1.0 mM INH, 2 M MnCl 2 , and 50 mM Tris-HCl, pH 8.0, at 37°C. Protein was estimated according to the methods outlined by Layne (34) .
NMR-STD Analysis-NMR saturation transfer difference (STD) experiments (35, 36) were run at 500 MHz in a Varian INOVA-500 instrument. Saturation was achieved by a train of 50-ms Gaussian-shaped pulses with 5-ms intervals, and a total saturation time of ϳ2.5 s. The on-resonance protein irradiation was performed at a chemical shift of Ϫ0.4 ppm, and off-resonance at 34.5 ppm, where no protein signals are present. The free induction decays with on-resonance and off-resonance protein irradiation were acquired in an interleaved mode using 16 transient blocs. The protein signal was partially suppressed by the application of a 20-ms spin lock after the observation pulse. The residual water signal was suppressed using an excitation sculpting module null at the water. The STD spectra were acquired with 1000 or 500 transients. The relative STD values were calculated by dividing the intensities of signals in the STD spectrum by the intensities of corresponding signals from the off-resonance control experiment. The protein concentration was 10 M in 50 mM sodium acetate, pH 5. Ligand concentration was 40 mM. All NMR buffers were prepared in D 2 O. MS Analysis-Samples were analyzed on a MALDI Qq Timeof-Flight mass spectrometer built and maintained in the Department of Physics and Astronomy at the University of Manitoba (37) . No buffer exchange was done. For each sample, a 0.5-l aliquot was mixed with an equal volume of saturated 2,5-dinitrobenzoic acid matrix. Tandem mass spectrometry was done on selected ions using collision voltages appropriate for similar sized peptides. Some samples were also analyzed on a Varian 500-MS ion trap mass spectrometer after dilution with an equal volume of 2% formic acid in methanol before electrospray ionization.
Crystallization and Structure Determination-INH, NAD ϩ , or AMP in 50 mM potassium phosphate, pH 7.0, were added separately to a solution of 20 mg/ml BpKatG also in 50 mM potassium phosphate, pH 7.0, to a final concentration of 1 mM. This solution was mixed 2:1 (v/v) with the reservoir solution of 0.1 M sodium citrate, pH 5.6, 25 mM NaCl, 16 -20% PEG 4000, 20% (v/v) 2-methyl-2,4-pentanediol. Brownish crystals were obtained at 20°C by the vapor-diffusion, hanging drop method, which belonged to the orthorhombic space group P2 1 2 1 2 1 and contained a dimer in the asymmetric unit. Data sets were collected using synchrotron beam line CMCF 08ID-1 at the Canadian Light Source in Saskatoon from crystals flash-cooled in the reservoir buffer. Diffraction data were processed and scaled using programs MOSFLM and SCALA (38) , respectively ( Table  2 ). Structure refinement was completed using program REFMAC (39) and manual modeling with the molecular graphics program COOT (40) . As determined by SFCHECK (38) , the Ramachandran distribution of residues for all structures was 90.9 -91.6% in favored regions and 8.4 -9.1% in allowed regions. The figures were generated using PyMOL (The PyMOL Molecular Graphics System, DeLano Scientific LLC, San Carlos, CA). Structure factors and coordinates have been deposited in the Protein Data Bank with the accession numbers 3N3N, 3N3O, 3N3P, 3N3Q, 3N3R, and 3N3S for BpKatG⅐INH, BpKatG-NAD ϩ , BpKatG-ADP, S324T⅐INH, E198A, and E198A-INH, respectively.
RESULTS

Definition of the Minimal Components for IN⅐NAD Synthesis-
INH activation by conversion to IN⅐NAD in M. tuberculosis requires MtKatG. BpKatG has catalytic properties almost identical to those of MtKatG and has the advantages of a large number of accessible variants and facile, reproducible crystallization. In addition, the properties of the widely studied Ser to Thr variants (MtKatG S315T, responsible for a majority of INH resistance and its homologue BpKatG S324T) (7, 22) or whether the peroxidatic process replaced, supplemented, competed with, or had no effect on the basal O 2 . -dependent reaction. These questions are at the heart of the dichotomy between the superoxide and peroxidase roles in IN⅐NAD synthesis and are addressed here in two ways. The first was to investigate BpKatG variants with reduced peroxidase and catalase activities, including H112A, which lacks peroxidase (Ͻ4% of native) and catalase activity (Ͻ0.1% of native), and R108A, which has peroxidase and catalase rates that are 25% of native (15) . Despite a significant reduction in the peroxidatic process in these two variants, the rates IN⅐NAD synthesis remained at 30% (H112A) and 50% (R108A) of the native enzyme rate, whereas the rate of radical formation was either not affected (R108A) or reduced to 30% (H112A) of native, respectively. This clearly demonstrates that the peroxidatic pathway is not essential for, but does enhance IN⅐NAD synthesis. Changes to other distal side residues, including those in the Met 264 -Tyr 238 -Trp 111 adduct and the associated R426, which are essential for the catalase reaction but not the peroxidase reaction, elicit only small changes in the rates of IN⅐NAD synthesis and radical production ( caused by PAA rapidly changed to the INH-induced spectrum upon addition of INH. In conclusion, INH induces changes in the heme pocket that, at steady state, are not consistent with the accumulation of oxoferryl or oxoferrous intermediates.
Identification of the IN⅐NAD ⅐ ϩ Species-The first step in INH activation common to most schemes is the formation of an IN ⅐ radical along with diimide and a proton (Fig. 1) . The formation of IN ⅐ in solutions lacking NAD ϩ has been confirmed both using the radical trap TEMPO (42) (41) . To identify radicals formed in the presence of INH and NAD ϩ , TEMPO was included and the reaction mixture analyzed by MALDI MS (Fig. 4) . Ions corresponding to NAD ϩ and IN⅐NAD, masses of 654 and 771 Da, respectively, have been observed and characterized previously (15), but two larger ions or groups of ions were evident at 816 and 925 Da. The larger ion was identified by MS-MS analysis as the IN⅐NAD⅐TEMPO adduct from the series of degradation products ( Table 2 ). The 816-Da ion was identified as NAD⅐TEMPO, which along with the MS-MS breakdown pattern suggest that the TEMPO is attached to the nicotinamide ring of NAD, not to the isonicotinyl ring. As an aside, the inefficiency of radical trapping is evident in the significant amount of IN⅐NAD formed in the presence of TEMPO.
Identification of INH Binding Sites in BpKatG-
ultimately co-crystallization conditions that included chloride were found to produce crystals of the complex from which diffraction data sets were obtained and refined to between 1.9 and 2.1 Å (Table 3) .
There were two concerns with regards the co-crystallization process. Table 2 . (Fig. 5a ). For reasons which are not clear, the occupancy of INH, based on the electron density and B-factors of the INH atoms relative to nearby protein segments and overlapping waters, was invariably higher in the B subunit compared with the A subunit. These binding sites are not in the heme cavity as predicted by work with eukaryotic peroxidases (43, 44) , but rather they are found at the end of a funnel shaped channel (27) on the opposite side of the subunit from the heme entrance channel. A change in the protein side chain location of Glu 198 , relative to the native structure, creates a cavity that is occupied by a chloride ion adjacent to which INH binds (Fig. 5a ). STD spectra of INH-KatG mixtures confirmed that the protons on C2/C6 and C3/C5 make interaction with the protein (Fig. 6a) , consistent with the x-ray structures, which show that these carbons are within 3.3 and 3.6 Å of the protein.
INH occupancy at these locations was also investigated in two variants of BpKatG. The E198A variant was constructed to investigate the effect of removing the side chain that must move for INH binding to occur. The variant crystallized well both in the presence and absence of INH, and the resulting crystals diffracted to 1.6 and 1.7 Å, without and with INH, respectively ( Table 3) . The resulting maps clearly show the presence of Ala at position 198, but lack any electron density that could be assigned as INH in the vicinity (Fig. 5b) . Clearly, the E198A mutation prevents stable binding of INH at this location, although this is accompanied by only small decreases in the rates of radical formation and IN⅐NAD synthesis (Table 1) and no significant change in the K m for INH.
The crystal structure of the S324T variant has been published (22) and subsequently confirmed to be similar in most respects to the structure of the S315T variant of MtKatG (7). Crystallization of the S324T variant in the presence of INH produced crystals that diffracted to 2.0 Å, a somewhat lower resolution than crystals grown in the absence of INH, but there were regions of strong electron density near Glu 198 at the same location and in the same orientation as in the native crystals that refined very well as INH. Surprisingly, the occupancy was 100% in both subunits, even subunit A. This is consistent with the slower rates of IN⅐NAD synthesis and INH oxidation in S324T, which would preserve a higher INH concentration during crystallization. Significantly, the K m for INH was unchanged in the variant compared with the native enzyme suggesting that there was no change in affinity for INH.
The small effect of the E198A variant on both IN⅐NAD synthesis and radical formation despite the significant change in binding led to a search for possible additional sites of INH binding. No evidence for binding as strong as at the Glu 198 site was found, but there were changes in a region of electron density, compared with the native protein, near Arg 730 . The occupancy and shape of the density varied among different crystals making it difficult to fit INH into the density, and interpretation is further complicated by the side chain of Arg 730 occupying the putative INH site prior to INH addition. Although this putative binding site is clearly weaker than the Glu 198 site, it does pro- vide some evidence that there may be more than one site where INH interacts with KatG.
In reviewing the remainder of the protein structure in crystals grown in the presence of INH, two very striking changes in electron density were found compared with crystals grown in the absence of INH: one in the heme cavity and one involving the mobile Arg 426 . In the heme cavity, the perhydroxy modification on the distal Trp 111 , first observed in the S324T variant (22) and present in all crystals grown in the current work without INH present, is missing. Associated with the loss of the perhydroxy modification is a change in location of the mobile side chain of Arg 426 from being Ͼ80% associated with Tyr 238 of the M-Y-W adduct (Y conformation) in the absence of INH to Ͼ90% in the R conformation away from Tyr 238 in the presence of INH (Fig. 7) . The two modifications are consistent with a change in the electronic environment of the heme and the adduct consistent with the UV-visible absorbance spectra, and they have been associated with NADH oxidation that produces O 2 . (the perhydroxy modification) (45) (29) . Third, INH reduces Trp radicals remote from the heme cavity generated by PAA treatment of MtKatG (8) . Exchange of Trp 111 in the W111F variant removes a residue that is part of one of the putative electron transfer paths and also an important residue in the heme cavity, and causes a reduction in the rate of IN⅐NAD synthesis to 50% of the native rate (Table 1) . Therefore, single, double, and triple combinations of variants at the other key positions, including W139F, W153F, W202F (5 Å from INH bound near Glu 198 ), and W330F, were examined. None of these variants exhibited changed catalase or peroxidase activities compared with wildtype BpKatG. However, although the single variants exhibited only small, if any, reduction in rates, all of the multiple variants exhibited rates of IN⅐NAD synthesis up to 55% slower than the native rate. This implies the existence of multiple routes for electron transfer, all of which must be blocked before an effect is seen. In fact, the situation is more complex, because only small reductions in the rate of O 2 . generation were evident in these variants, whereas the rate of production of other radicals increased and the dependence of IN⅐NAD synthesis on O 2 .
decreased. In other words, changing residues that would be expected to support electron transfer from INH to the heme for O 2 . formation affect the reaction in ways that can be only partially explained.
Identification of a Binding Site for NAD
ϩ on BpKatG-Cocrystallization was also successful in producing crystals of a BpKatG⅐NAD ϩ complex that diffracted to between 1.7 and 1.9 Å (Table 3) . Electron density maps revealed a region of density not present in the native BpKatG maps ϳ20 Å from the entrance to the heme channel (Fig. 8) . The strongest region of this density refined very well as ADP, whereas a nearby weaker region could not be reliably refined, but is in a location consistent with a more weakly bound and disordered nicotinamide portion. The region of the F o Ϫ F c omit map calculated without ADP in the model satisfies the structure of ADP when superimposed (Fig. 8a) . Strong interaction with the adenosine moiety was confirmed in a BpKatG⅐AMP crystal (Table 3) where the F o Ϫ F c omit maps calculated without AMP overlapped perfectly with the ADP portion of NAD ϩ , differing only in a 60°r otation of the oxygens on the ␣-phosphate (Fig. 8b) . The location of this site relative to the heme cavity and the Glu 198 INH binding site is illustrated in Fig. 9 . A matrix of interactions define the binding site of the AMP-derived nucleotides, including the carboxylates of Asp 222 and Asp 249 , the guanidinium group of Arg 255 and waters associated with each of N 1 , N 3 , and N 7 of the adenine ring. Surprisingly, variants of these residues, either singly or in combination, did not affect the rate of IN⅐NAD synthesis or change the K m for NAD ϩ , and AMP did not act as a competitive inhibitor for IN⅐NAD synthesis.
Interactions in solution, similar to those seen in the crystal structure, were suggested by STD spectra of KatG/NAD ϩ and KatG/AMP mixtures, which reveal weak interactions involving mainly two hydrogen atoms, one on C 8 of the adenine ring and one on C 1 Ј of the adenosine ribose, that exhibit stronger STD signals than the rest (Fig. 6b) . This is consistent with C 1 Ј being situated 3.5 Å from the methyl group of Ala 252 and with C 8 being situated 3.5 Å from the Arg 255 N H1 and 3.7 Å from C ␦ of Arg
255
. The high occupancy observed for this NAD ϩ binding site might have been enhanced by the proximity in the crystal of a neighbor molecule, which forms an extra hydrogen bond with the adenine ribose and reduces protein flexibility (as suggested by the reduced temperature factors).
DISCUSSION
Understanding the process of IN⅐NAD synthesis has been complicated by difficulties in rationalizing the role of superoxide within a peroxidatic reaction cycle. Identification of binding sites for INH and NAD ϩ far from the heme cavity of KatG introduces further complexity into the picture and has prompted the more detailed analysis of the reaction parameters described here. The study concludes that O 2 . is normally an essential component in the The fact that SOD is so efficient in stopping the reaction implies that the O 2 . required in the reaction is, at some point, free in the medium prior to its participation. This is probably a reflection of the relatively slow turnover rate (ϳ3 per min) that provides ample opportunity for dissociation and re-association. The proposed scheme in Fig. 2 (48) . When the basal system is perturbed to allow some IN⅐NAD synthesis in the presence of SOD, other radical species must replace O 2 . for this final reduction step. Because the two INH binding sites identified in this work are remote from the heme and yet both the superoxide and peroxidase cycles occur at the heme, there must be paths in the protein for electron passage to the heme. This conclusion is consistent with EPR results that revealed INH reduction of Trp radicals remote from the heme cavity in MtKatG (8) and with (29) . In fact, electron transfer must involve more routes than just these two, because eliminating both paths by mutating the key residues reduced KatGcatalyzed IN⅐NAD synthesis by only 55%. This may also imply the existence of more INH binding sites than just those identified in the crystal complexes.
The absence of any change in IN⅐NAD synthesis caused by mutations in the INH and NAD ϩ binding sites identified in the crystal structure may have several origins. The most obvious is that these sites do not have any physiological significance and are simply an artifact of crystal growth. Alternatively, the existence of multiple INH binding sites, as suggested by the electron density maps and by the partial impairment of IN⅐NAD synthesis upon mutation of internal tryptophan residues, would require the mutation of multiple sites to generate a significant physiological effect. These alternative sites must be weaker than those found in the crystal structure, and such an example lies in the putative site near Arg 730 . The binding of INH in the heme cavity with the hydrazine -NH 2 within 4.5 Å of the heme iron (49) must be similarly weak, because the K m for INH in the S324T variant, in which access to the heme cavity is hampered, is unchanged from the native enzyme.
A major challenge in rationalizing the role of KatG in INH activation is to provide an explanation for INH resistance caused by the mutation of Ser 315 to Thr in MtKatG. The only structural change in the variant is a narrowing of the channel leading to the heme cavity that even reduces water occupancy (7, 22) . However, the remoteness of INH binding from the heme cavity and absence of a change in K m for INH in the S324T variant seems to preclude the single explanation that the narrower channel restricts entry of INH. An alternative explanation lies in the need for O 2 and O 2 . to diffuse in and out of the heme pocket. In addition to physical hindrance to movement presented by the narrower channel, the O 2 . would be forced to pass closer to the negatively charged carboxylate of Asp 141 situated in the heme channel (50) . Evidence of 60% slower radical generation, including O 2 . formation in the S324T variant of BpKatG compared with the native enzyme (22) , has been confirmed for the S315T variant of MtKatG. In addition, INH occupancy in the S324T⅐INH complex crystal is higher in both sites compared with the native complex, consistent with the slower turnover of INH. One caveat that must be placed on this study is that it has been carried out in vitro, and it could be argued that the medley of reactions leading to IN⅐NAD might be different inside M. tuberculosis. However, evidence suggests that there may not be significant differences. . associated with, but not actually covalently linked to the heme iron.
